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Abstract

In this paper, a comparison analysis of three diffeaégarithms for the estimation of sine signal paramete
two-channel common frequency situations is presented. The relevance of this situation is clearly und
multiple applications where the algorithms have been applied. They include impedeaserements, ed
currents testing, laser anemometry and radio receiver testing for example. The three algorithms
different categories because they are based on different approaches. The ellipse fit algorithm is a pa
based on the XY plot of the samples of both signals. The seven parameter sine fit algorithm isquadeast-
algorithm based on the time domain fitting of a single tone sinewave model to the acquired samples. Tl
sinc fit performs a fitting in the frequency damm of the exact model of an acquired sinewave on the ac
spectrum. Multiple simulation situations and real measurements are included in the comparison to de
the weaknesses and strong points of each algorithm.
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1. Introduction

Scientific and technological evolution depends on the ability to measure physical quantities
with ever increasing accuracy. Researchers in the instrumentation and measurement field have
produced both hardware and software innovations that enable very accurate measurements.
Special attention has been given to signal processing algorithms such as the ones used to
estimate the parameters of acquired sinewaves. The need for algorithms that allow the
characterization of analog to digital converters led the IEEE to include in the 1057 standard
[1] two algorithms that estimate sinewave parameters: the three-parameter sine fit and the
four-parameter sine fit algorithms. The former is used to estimate the sinewave parameters
when its frequency is known, while the last one is used when either the signal frequency or
the sampling frequency are not accurately known.

For many applications, such as impedance measurements [2], eddy currents testing [3],
laser anemometry [4], radio receiver testing [5] and measurements of active and reactive
power under sinusoidal conditions [6, 7], there is a need to estimate the parameters of two
common frequency sinewaves usually acquired simultaneously. To this end, an extension of
the algorithms standardized in [1] was developed and is known as the seven-parameter sine fit
algorithm [8], which uses the data from both channels and takes advantage of the fact that the
frequency is the same for both sinewaves. This algorithm has since been adapted for efficient
implementation in DSP systems [9]. A different approach, based on the XY plot of the two
common frequency sinewaves has produced the ellipse fit algorithm [10], which has also been
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modified to be implemented in DSP applications [11]. Recently, a new algorithm called
spectral sinc fit [12] has been developed to estimate the two sinewave parameters. It relies on
the fitting of the exact theoretical spectrum of a windowed sinewave to the spectral content of
the acquired sinewaves.

In this paper, the performance of the ellipse fit, seven-parameter sine fit and spectral sinc
fit algorithms is analyzed and compared. Using extensive numerical simulations the accuracy
and precision of the amplitude ratio and phase difference of the two sinewaves is studied as a
function of signal to noise ratio, sine amplitudes and sine phase difference. For the sinc fit and
sine fit algorithms, an analysis of the estimated frequency accuracy and precision is also
performed. This analysis is not possible in the ellipse fit algorithm since the frequency is not
estimated. The results are also compared to the Cramer-Rao lower bound of two common
frequency sinewave parameter estimators, developed in [13]. The analysis and comparison of
the three algorithms is complemented with measurement results of two acquired sinewaves
with added noise. The multiple acquisitions are then processed by each algorithm to assess
their accuracy in a practical situation.

The paper is divided into five sections including the Introduction and the Conclusions. In
Section 2, a detailed overview of the three algorithms under analysis is given. Section 3
presents the results of the numerical simulations performed for each algorithm. A comparison
between the three algorithms and the Crdmer-Rao lower bound is also presented here. Finally,
the measurement results are presented and analyzed in Section 4.

2. The algorithms

This section describes the three algorithms compared in this paper: ellipse fit; seven-
parameter sine fit; and spectral sinc fit. The goal of these algorithms is to estimate the
amplitude<D; and phase@ of two acquired sinewaves modeled by:

u (t) = D cog( 21t +@)+G = Acos(2nft)+ B sin2nf)+ G 1)

wherei is the channel numberi, 2),A is the in-phase an8 the quadrature component of
each sinewave. Some algorithms also estimate the DC compdBeatsl the common
frequencyf.

In most two-channel applications the value of the amplitude and phase of each signal is not
required. The only values needed are the amplitude B4iB; and phase difference
Ad =@, —@,. However, some algorithms require that the frequénoyist also be estimated
since it is not accurately known. This is due to the uncertainty of the generated sinewaves
frequencyf and uncertainty of the sampling frequemgcy

The Cramér-Rao lower bounds (CRLB) for parameter estimation of dual-channel common
frequency sinewaves was determined in [13] for an unbiased estimator under a Gaussian
assumption using the signal to noise ratio defined as:

D?

SNR =—_ |
R 207

)
whereg? is the variance of the zero-mean Gaussian white noise of signal

For the relative amplitude ratio, the standard deviation that corresponds to the CRLB is:

(0}

oo, _ | SNR+ SNR 3)
D,/D, \NSNR SNR'
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while the standard deviation that corresponds to the bound of the phase difference is:

o [o]_@ SNR+ SNR, @
&L 17 1 NSNR, SNR,

and the normalized standard deviation that corresponds to the bound of the estimated
frequency is:

_ 12

of - 2 3 ) (5)

% \(2m)" N*(SNR+ SNR)
In this section, the sinewave parameter extraction is illustrated for each of the three

algorithms using two simulated sinewaves sampledgat 96 k§ < with N = 200 samples.

The waves parameters dd¢=1V,D, =0.25V, f =1kHz and A =25'. A signal to noise

ratio SNR = 30 dB was considered in both sinewaves.

2.1. Ellipse Fit

The ellipse fit algorithm was first developed in [14] and improved for numerical stability in
[10]. It was then proposed as a non-iterative procedure to estimate the amplitudes and phase
difference of two common frequency sinewaves [15].

The time dependence of the sinewaves can be discarded by parametrically plotting the two
sinewaves in a XY plot, creating a Lissajous curve. Since the two sinewaves have the same
frequency, the figure will be an ellipse, except when the two waveforms are in phase or
opposition which makes the ellipse degenerate into a straight line.

Algebraically, the time dependence in (1) can be eliminated by rewriting them as:

o) 5] Al fea-sntm=o o

which is the ellipse equation. This corresponds to the general conic [9]:

F(u,u)=af+byu+ cd+ dy ey go @)

with the constraintA =b? -4ac< 0 so that the conic is an ellipse which corresponds to
A$ #ntt with neZ. This constraint can be, by scaling of the conic (7), transformed into
b’ -4ac=-1.

The conic model (7) is fitted to the sinewave data by a non-iterative constrained
minimization process based on Lagrange multipliers [10], which yields the model parameters
[a,b,c d, e d. The sine amplitudes are given by:

D

1 1
1_\/k7a1 \/kic,
where k is the scaling factor to ensufe® —4ac=-1. The phase differencé¢ can be
determined by:

D, = (8)

cos(Ad) = ——Sigzgic) b, )
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while its sign is obtained by observing the rotation direction of the ellipse. To avoid errors
due to the presence of noise, a voting system was implemented to determine the rotation

direction as described in [11].
The amplitude rati®,/D; is:
D, c
and is independent of the scaling fadtor
Fig. 1 illustrates the ellipse fit procedure with the two sampled sinewaves plotted in an XY

plot. The dots represent the noisy sinewave data points and the line shows the ellipse fitted by
the procedure described above.
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Fig. 1. Ellipse fit of two sinewaves wifb; = 1 V,D, = 0.25 V,f = 1 kHz, A¢ =25 andN = 200. The dots
represent the sampled data and the line represents the fitted ellipse.

The original ellipse fit implementation [10] was modified in [11] to require only the
construction of3x 3 matrices with a total of only 18 different elements (floats) independently
of the number of samples. This is a major advantage in terms of memory requirements of the
algorithm.

2.2. Seven-parameter sinefit

Sine fitting algorithms were standardized in [1] for ADC characterization. In the three-
parameter version, the amplitude, phase and DC component of an acquired sinewave, of
known frequency, are estimated in a non-iterative least-squares procedure. Since in most
cases the frequency is not accurately known, the four-parameter sine fit version estimates the
sinewave amplitude, DC component and phase along with its frequency. In this case the
algorithm becomes non-linear and an iterative non-linear least-squares procedure is needed.
The three- and four-parameter sine fit algorithms are suitable for single-channel data and can
be independently applied to multi-channel data.

The seven-parameter sine fit algorithm was developed as an extension of the four-
parameter algorithm for dual channel applications where the two sighals have the same
frequency [8]. In each iteratioom the algorithm estimates the sinewave parameters

X =[ A" g 7t AT BT G ’"T, where Af(" is the frequency correction for the
current iteration. These estimates are obtained from:
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o = [(D(m—n )T D(m)}'l[(D(m—l) )T y] 11)

T . .
wherey = [un Uppeen Uy Upy Uy sy uZJ containsN samples of both signals and

e [T B o, )
0. Y Q™)

whereQ, , is aNx3 zero matrix and

COS(Bi,l) sir(Bivl) oy

Q(m—l): COS(BLZ) Sir‘(‘Bivz) i p: = |2 (13)

cos8) sifen) i

with B, =™ and a,, =-2mA™ Y sin(p,,)+ 28, cofp,,) wheret,, are the
timestamps of signal

The initial estimates are obtained from the interpdlai#screte Fourier Transform
(IpDFT) which yields a good frequency estimation [16]. The three-parameter algorithm is
then used in each signal to estimate the remaining 6 initial parameters. The iterative procedure
terminates when a predefined maximum number of iterations is reached (nonconvergence) or
the relative frequency correctiakf / f is below a certain threshold (convergence).

In Fig. 2, the sampled sinewaves are shown with dotsi(fand crosses (far,) while the
sinewaves reconstructed with the parameters estimated by the sine fit algorithm are shown by
continuous lines.
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Fig. 2. Seven-parameter sine fit of two sinewaves Witk 1 V,D, = 0.25 V.,f = 1 kHz, A¢ =25 andN = 200.

Thedots represent thg sampled data, the crosses representtsampled data and the lines represent the
reconstructed sinewaves.

This algorithm involves the creation of a matrix MxZ floating-point numbers. As the
number of samples increases, the memory requirements will limit the algorithm applicability
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in a DSP implementation. In [9], a more efficient version is presented that requires only
3N+63 floating-point memory positions.

2.3. Spectral sinc fit

The spectral sinc fit algorithm has been recently proposed as a new method to estimate the
parameters of an acquired sinewave [12]. The method is based on fitting the theoretical
frequency spectrum on the spectrum of the measured signals. The spectral sinc fit method has
been extended to be applied to two-channel common frequency acquisitions.

The acquisition of a limited number of samples is equivalent to applying a rectangular
window to the sinewaves. The theoretical spectrum of such a sinewave is [12]:

X, [K]=DP[K :%|:\/\{2ﬂﬁ— 2nfijej‘“ +W[2T[%+ mfiJe'j‘“} , (14)

S S

wherek O [-N/2+1; N/2] andW(w) is the spectrum of a rectangular windaw;, an aliased
sinc function:

1 2(N-1)

W(w):S:E[—Z:ﬁje 2 (15)
2

The resulting two-sided spectrubﬁ [k] consists of two overlapping aliased sinc functions
centered attw, =+2mf/f .. The maximums of)A(i [k] are not centered at the frequencies
*w, due to the leakage of one sinc into the other. Note that in model (14), the DC component
Ci is not included since in most applications it is not important (it does not carry information
about the measured quantity).

The algorithm searches for the sinewaves parameters that minimize the cost functions:

Knax+1

6= 2 | (DRe[K=X o[H) +(DPa[§- X ) (16)

k=Knax—1

where X, [k] is the spectrum of each acquired signal.

From (16) it can be seen that the cost functions are evaluated in only three points of the
spectrum, the point where the measured amplitude spe¢iii has its maximumkfay)
and the two neighboring points.

The algorithm exploits the fact that the relation between the theoretical speﬁtt[u«h
and the amplitudeD, is linear (see (14)) to reduce the number of estimated parameters to
three: two phases and the common frequency. The amplidude then calculated using the
estimated parameters:

S (Rl K Xl K+ Pl § X B

— k=knax1
Di - Ko L ' (17)

> (RE[K+ B [K)

k=Kpnax—1
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Thesearch for the minimums is an iterative procedure that uses the Gauss-Newton method.
The initial frequency estimate is obtained by the IpDFT [16] and the remaining initial
parameters are obtained by applying the three-parameter sine fit to each measured signal.

In order to compensate for the possible different signal to noise ratios in each of the two
measured signals (due &g, noise, spurious components, harmonic distortions), in each
iteration weights are assigned to each signal and used in the Gauss-Newton method:

e

m) m-1) ,R€

(pém) (pém—l) -1t 1 wWlg Ogg (|1 :(Lnl]r:]l)
@ |=| @ =[] | = e el (18)

f (m) f (m-1) maX(V\ﬁ 'Wz) 6,6 Wzl 6 rZ,Re

)

wherew; are the weightds is a 6x6 identity matrixQs s is a 6x6 zero matrix[J]T is the
pseudo-inverse of the Jacobian mafjisthe superscript (denotes the iteration number and
ri are the fitting residuals:

Di(m—l) Fi)(m-l) [ (. —1] - X [ K ax _]]
ri(m_l) = Di(m_l)Pi(Wl) [ kmax] =X [kmaX] ' (19)
DRI [+ = X [y +1]

The weightsn; are the LS errors, calculated in the time domain as the difference between
the measured signal and the signal reconstructed using the current estimates of the parameters.

The search ends when the relative change of the frequency estimate drops below a
threshold or when the preset maximum number of iterations is exceeded. The wedglets
used to estimate the Cramér-Rao lower bound (CRLB) of frequency estimation [13] which is
then used to adjust the threshold level. This adaptive setting of the threshold level has an
advantage over using a fixed setting because it prevents the threshold level to be set
unrealistically low (below the CRLB) or too high.

The main advantage of this algorithm is that the iterative part can be accurately computed
using as little as three sample points per signal (the three vallesnofl6)) making it
memory wise very efficient since only the initial FFTs are done with the full number of
acquired samples.

Fig. 3 shows an example of amplitude spectrums of two sampled sinewaves and the
spectrums that were fitted on them.

0.6 — 0.6 R
—— X, (2nk/N —— X, (2mk/N
S os IX, (2r/N)| | S os 1X,(2m/N) |
- — X, [K]I - — IX,[KII
X 0.4 X 0.4
g o3 J o3
= =
2 0.2 £ 0.2
'_E:"o 1 '_E:"o 1
< . < . j\m
o | \VAVs o |
0 2 4 6 8 10 0 2 4 6 8 10
k k
Fig. 3. Spectral sinc fit: positive frequencies of the two-sided amplitude spectrums of two sinewaves

(D1=1V,D,=0.25V,f=1kHz,Ap =25 andN = 200) and the fitted spectrum.

261



P.M. Ramos et al.: COMPARATIVE ANALYSIS OF THREE ALGORITHMS FOR TWO-CHANNEL COMMON FREQUENCY ...

3. Numerical simulations

To assess the performance of the three algorithms, they were implemented in Matlab and

several tests were executed. Since the ultimate goal is to estimate the amplitud@®/2f)o (

and the phase differencd(), the tests estimated the amplitude ratio error (i.e., the difference
between the estimated amplitude ratio and the imposed ratio) as well as the phase difference
error. For each set of tested parameters, 100 000 different runs were executed to obtain the
average values and the corresponding standard deviations. In each run, the initial phase of the
first signal (p) is a random variable with a uniform pdf between -180° and 180°. Signal
frequency is 1 kHz and 1920 samples per channel are taken at 96 kS/s. White Gaussian noise

is added according to each signal’s signal-to-noise-ratio (SNR).

3.1. Signal to noise ratio analysis

In this analysis, the signal amplitudes are fixedDatl V and D,=0.25 V. Since it is

known that the ellipse fit algorithm cannot work nAg=180° andA$¢=0° because of ellipse
degeneration, the phase difference is a uniform pdf intfh@°;170° range. This issue will

be

The results for the ellipse fit are shown in Fig. 4 and Fig. 5. It can be seen that the
algorithm is biased for signal to noise ratios typically below 40 dB. As expected, the standard

analyzed and discussed in Section 3.3.

deviations are reduced with the increase in SNR.

Average D,/D; Error

Average A Error [°]
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Fig. 4. Average amplitude ratio error (A) and corresponding standard deviation (B) for the ellipse fit
algorithm as a function of the two signal to noise ratioPferl V andD,=0.25 V.
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Fig. 5. Average phase difference error (A) and corresponding standard deviation (B) for the ellipse fit
algorithm as a function of the two signal to noise ratioPferl V andD,=0.25 V.
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Note that the fluctuations in the results of the average phase errors (Fig. 5A) for the lowest
signal to noise ratios are caused by the finite number of repetitions and that the corresponding
standard deviations are considerably higher than the represented fluctiatan fgr
SNR=30 dB the average error is -0.005° and the standard deviation is 0.4°).

The results for the seven parameter sine fit are shown in Fig. 6 while the results for the
spectral sinc fit are presented in Fig. 7. These algorithms are not biased and so the shown
results correspond only to the standard deviations. Note that the evolutions of the standard
deviations are quite similar for these algorithms. Comparing with the ellipse fit algorithm, the
evolution pattern is the same, but the standard deviations are higher for the ellipse fit.

In Fig. 8, the relative standard deviation of the estimated frequency error is shown for the
seven-parameter sine fit and for the spectral sincdif for the algorithms that also estimate
the signal frequency). It can be seen that the results of both algorithms are in the same order
of magnitude but with considerable shape differences. This is caused by the fact that the sinc
fit uses the information from the signal to noise ratios it estimates in order to weigh the
information from the two signals giving more relevance to the signal with the highest SNR.
This means that if one signal has a high SNR it will assure a very good frequency estimate
without being influenced by the samples of the signal with the lower SNR. On the other hand,
in the seven-parameter sine fit the residuals of both signals are not weighted and contribute
equally to the estimates. In this case, if one signal has a high SNR and the other has a low
SNR (and both have similar order of magnitude amplitudes as is the case in Fig. 8), the seven-
parameter sine fit will assign equal weights to the signals and the signal with the lowest SNR
will infect the frequency estimation causing a higher standard deviation.

D,/D; Error Standard
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—— 80 100
80 60
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60

Ad Error Standard Deviation [°]
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Fig. 6. Standard deviation of the amplitude ratio (A) and phase difference error (B) for the seven parameter
sinefit algorithm as a function of the two signal to noise ratioPferl V andD,=0.25 V.
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Fig. 7. Standard deviation of the amplitude ratio (A) and phase difference error (B) for the spectral sinc fit
algorithm as a function of the two signal to noise ratio¥grl V andD,=0.25 V.
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Fig. 8. Relative standard deviation of the estimated frequency error for the seven parameter sine fit algorithm
(A) and for the spectral sinc fit algorithm (B) as a function of the two signal to noise ratids=fow and
D,=0.25 V.

3.2. Amplitude analysis

In this section, the amplitude analysis of the three algorithms is presented. The signal to
noise ratios are set to SNR 40 dB, SNR =80 dB and the amplitudes are swept from 0.1 V
up to 2 V with 0.1 V resolution. In Fig. 9 the results corresponding to the amplitude ratio error
standard deviation are presented for the three algorithms. Clearly, the results do not depend on
the amplitudes but rather on the SNR of the signals. Comparing the three algorithms it can be
seen that the spectral sinc fit results are identical to the seven-parameter algorithm results
while the results obtained with the ellipse fit are a little higher.
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Fig. 9. Relative standard deviation of the amplitude ratio for the ellipse fit (A), seven parameter sine fit (B)
and spectral sinc it (C) as a function of the two signal amplitudes fo{-8lRIB and SNR-80 dB.

264



Metrol. Meas. Syst., Vol. XVII (2010), No. 2, pp. 255-270

In Fig. 10, the corresponding results for the phase error standard deviation are presented.
Once again, the results of the spectral sinc fit and the seven-parameter sine fit are identical
and the results of the ellipse fit algorithm are slightly worse. In the three cases, the results do
not depend on the signal amplitude but rather on the signal SNRs.
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p,[vi 15 279 05 1
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Fig. 10. Standard deviation of the estimated phase error for the ellipse fit (A), seven parameter sine fit (B)
andspectral sinc fit (C) as a function of the two signal amplitudes for;SANRdB and SNR=80 dB.

3.3. Phase analysis

Regarding the phase analysis, the tests that were performe®uskd, D,=0.5V and
three different values of the common SNR. The imposed phase difference was swept from
-180° up to 180° with 0.005° resolution. As expected, the seven-parameter sine fit and the
spectral sinc fit algorithms are independent on the phase difference (results presented in
Table 1).

The ellipse fit algorithm is quite different. Due to ellipse degeneration, the algorithm has
problems for phase differences near 0° and 180° (as shown in Fig. 11 and with more detail in
Fig. 12 - note that the peak value differences between Fig. 11A and 12A are caused by the
lower phase resolution in Fig. 11A). The range of affected phase difference values depends on
the SNR values. Remarkably, in spite of the ellipse degeneration, the algorithm is capable of
estimating the amplitude ratio without bias and with the same standard deviation for all phase
difference values.

The results presented in Table 1 correspond to the values obtained with the three different
algorithms for different values of signal to noise ratios and for the phase difference of 90° (to
avoid problems with the ellipse fit algorithni),=1 V andD,=0.5 V. For comparison, the
Cramér-Rao lower bounds, determined using the equations (2)-(4) derived in [13], are also
included in Table 1.
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Table 1. Comparison of the algorithms fay=90°.

D./D; relative standard 1.5x10° 2.6x10% 4.6x10°

deviation
Ellipse fit
Phase difference 2 -2 -3
standard deviation [] 8.3x10 1.5x10 2.6x10

D./D1 relat!vg standard 1.0x10° 1.8x10" 3.2x10°

Seven deviation

parameter sine
fit Phase difference

2 -2 -3
standard deviation [] 5.8x10 1.0x10 1.8x10

D./D; relative standard

deviati 1.0x10° | 1.8x10™ 3.2x10°
eviation

Spectral sinc fit
Phase difference

2 -2 -3
standard deviation [] 5.9x10 1.0x10 1.8x10

D./D; relative standard

deviati 1.0x10° | 1.8x10™ 3.2x10°
eviation

Cramér-Rao
bound

Phase difference

-2 -2 -3
standard deviation [] 5.8x10 1.0x10 1.8x10
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Note that the results from the seven-parameter sine fit are identical to the ones obtained
with the spectral sinc fit and also identical to the Cramér-Rao lower bound. The results of the
ellipse fit are slightly worse.

4. Measurement results

In this section, the measurement results are presented. A Tektronix AFG 3022 function
generator was used to generate signals with a freqdendykHz, amplitude®; = 8 V and
D, =2V and phase shifh¢ = 25°. Two Agilent 33210A generators were used to add random
Gaussian noise to these signals. The resulting signals were acquired using the NI USB-9215A
data acquisition board (simultaneous sampling, 16 bit, input range £10V), whose sampling
rate was set to 96 kS/s. The acquired signals were then processed using the three estimation
algorithms.

In the following test, signals with different settings of SNR were used. The acquired
signals were divided into 1 000 frames whose length was set to 288 samples (3 periods) and
1920 samples (20 periods). The ellipse fit, the seven-parameter sine fit and the spectral sinc fit
were then used to estimate the signals’ parameters in each frame. From these results, the
standard deviations of estimation of the signal's parameters were calculated. The relative
standard deviation of the amplitude rati®/D,) estimation error and the standard deviation
of the phase differencA¢d estimation error are shown in Table 2 while the standard deviation

of the frequency estimation error is shown in Table 3.

Table 2. Measurement results — comparison of the algorithms.

Ellipse fit Seven parameter sine fit Spectral sinc fit
3 . Phase . Phase . Phase
D2/Dy lela_llve difference D2/Dy rela_tlve difference D2/Dy rela_tlve difference
standard standard standard
deviation standard deviation st;m_jard deviation st;m_jard
deviation [ deviation [] deviation [
SNR; = 68 dB -4 3 5 5 5 5
SNR; = 49 dB 5.6x10 1.8x10 3.4x10 2.8x10 3.4x10 2.8x10
SNR; =53 dB 3 2 4 4 4 4
SNR, = 41 dB 3.6x10 4.3x10 5.3x10 5.2x10 5.3x10 5.2x10
N =288
SNR; =42 dB 2 1 -3 -3 -3 -3
SNR, = 30 dB 1.3x10 1.6x10 2.0x10 2.0x10 2.0x10 2.0x10
SNR; =64 dB -2 1 3 3 3 3
SNR, = 30 dB 1.2x10 1.5x10 1.8x10 1.9x10 1.8x10 1.9x10
SNR; = 68 dB -4 -4 5 6 5 6
SNR, = 49 dB 4.0x10 5.4x10 1.4x10 6.3x10 1.4x10 6.3x10
SNR; =53 dB 3 2 -4 -4 -4 -4
SNR, = 41 dB 1.5x10 1.6x10 2.0x10 2.0x10 2.0x10 2.0x10
N =1920
SNR; =42 dB 3 2 -4 -4 -4 -4
SNR, = 30 dB 5.2x10 6.2x10 8.0x10 7.7x10 8.0x10 7.7x10
SNR; = 64 dB -3 2 -4 -4 -4 -4
SNR, = 30 dB 4.8x10 6.0x10 7.1x10 7.8x10 7.1x10 7.8x10

In the following measurement, signals with SNR68 dB and SNR =45 dB were
acquired. The acquired data were divided into 1 000 frames whose length was set from 192
samples (2 periods of the signal) up to 1920 samples (20 periods) in order to investigate the
influence of the frame lengtN on the estimation results. The relative standard deviation of
the amplitude ratiol§,/D1) estimation error and the standard deviation of the phase difference
Ad estimation error are shown in Fig. 13 and the standard deviation of the frequency
estimation error is shown in Fig. 14.
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Table 3. Measurement results — frequency estimation.

Seven parameter sine fit Spectral sinc fit
Std. deviation of frequency Std. deviation of frequency
estimation error [Hz] estimation error [Hz]
SNR: = 68 dB -3 -3
SNR, = 49 dB 1.5x10 1.2x10
SNR; =53 dB -2 -2
SNR, = 41 dB 2.4x10 2.9x10
N =288 g
SNR; =42 dB 2 -1
SNR, = 30 dB 8.4x10 1.1x10
SNR; = 64 dB 2 -3
SNR; = 30 dB 2.1x10 2.8x10
SNR; = 68 dB 4 4
SNR, = 49 dB 1.0x10 1.5x10
SNR; =53 dB -3 -3
SNR, = 41 dB 1.4x10 1.7x10
N =1920 SNR; =42 dB
1= -3 -3
SNR, = 30 dB 4.9x10 6.2x10
SNR; = 64 dB -3 -4
SNR, = 30 dB 1.2x10 2.1x10
107 — 10"
A —*—ellipse fit °, B —*—ellipse fit
g c —©-7-par. sine fit c -©-7-par. sine fit
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Fig. 13. Measurement results — relative standard deviation of the amplitude ratio (A) and standard deviation
of the phase difference error (B) as a function of signal leXgth
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Fig. 14. Measurement results — standard deviation of the frequency estimate error as a function of signal
lengthN.

The measurement results confirm the simulation results. In the considered situations, the

results provided by the seven-parameter sine fit and the sinc fit are almost identical (the
respective plots are on top of each other in Fig. 13). In cases where the difference between the
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two signals' SNRs is significantly differere.g., the case of SNR 64 dB and SNR= 30 dB
shown in Table 2 and Table 3) the sinc fit algorithm, thanks to its use of weights, provides
significantly better estimates of the frequency than the seven-parameter sine fit (see Table 3).
The estimates of the rest of the parameters remain comparable, which is in accordance with
the behavior shown in Fig. 6, Fig. 7 and Fig. 8.

The results of the ellipse fit were worse than the results of the other two algorithms, mainly
in the case of the phase difference estimate.

5. Conclusions

In this paper the performance of three algorithms for two-channel sinewave parameter
estimation was analyzed in a broad range of situations. The two sinewaves have a common
frequency since this is the case in many applications. The three compared algorithms were
ellipse fit, seven-parameter sine fit and spectral sinc fit.

After the general description of the three algorithms, presented with some detail regarding
their implementation, numerical simulations were used to assess and compare the algorithms
performance. The parameters used to evaluate this performance were the relative standard
deviation of the amplitude ratio error and the standard deviation of the phase difference error.
Since the ellipse fit algorithm does not estimate the frequency, the standard deviation of the
frequency error was only analyzed for the sine fit and sinc fit algorithms.

The first analysis considered the effect of the signal to noise ratio on the parameters
estimated by each algorithm. In this case, for the ellipse fit algorithm, the average of the
amplitude ratio error was also presented, confirming the fact that this algorithm is biased for
low values of the SNR, while no bias effect was found in the phase difference estimation. The
standard deviation of both amplitude ratio error and phase difference error decrease with
increasing SNR as expected. The standard deviation results for the sine fit and sinc fit
algorithms resemble the ellipse fit results but with lower values, indicating that both
algorithms perform better than the ellipse fit. Although the sine fit and sinc fit yielded almost
identical results for the amplitude ratio and phase difference analysis, the frequency error
analysis shows that the sinc fit performs better when there is a difference in the SNR values of
the two signals. This is due to the use of weights in the sinc fit algorithm which gives more
relevance to the data in the channel with higher SNR.

The effect of the amplitude of each signal was analyzed next with a fixed, but different,
SNR for each signal. It was found that the amplitude ratio error and phase difference error
standard deviations are independent of the signal amplitudes. Also, as in the SNR analysis,
the sinc fit and sine fit algorithms perform almost identically while the ellipse fit results are
slightly worse.

In the phase analysis, emphasis was given on the ellipse fit algorithm due to the known
limitations of this algorithm for in-phase and opposition sinewaves which make the ellipse
degenerate into line segments. Although the algorithm has difficulties in these situations, it
still manages to correctly estimate the amplitude ratio.

The evaluation of the three algorithms was complemented with measurement results. The
acquisitions were performed with different record lengths to show the influence of the number
of acquired samples on the performance of each algorithm. The algorithms perform better as
the SNR increases and also as the number of samples increases. The sine fit and sinc fit
algorithms performed identically while the ellipse fit results confirm that it performs slightly
worse especially in the phase difference estimation.

To conclude, the sine fit and sinc fit algorithms perform equally well and are near the
Cramér-Rao lower bound. The sinc fit is slightly better in the frequency estimation, for
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different SNRs of the signals. The ellipse fit, despite being fast and non-iterative, performs
worse that the other two algorithms, especially where the phase difference is concerned.
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